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Mice carrying the MMTV-cmyc transgene develop mammary tumors at 9 to 12 months of age. Little is known about karyotypic
changes in this model of human breast cancer. We have developed and applied molecular cytogenetic techniques to study
chromosomal aberrations that occur in these tumors, namely, comparative genomic hybridization and spectral karyotyping.
Cell lines from eight tumors were established and analyzed, four of which carried a heterozygous p53 mutation. All of the tumor
cell lines revealed increases in ploidy and/or multiple numerical and structural chromosomal aberrations. No consistent
differences were observed between cmyc/p531/1 and cmyc/p531/2 tumors, suggesting that cmyc induces karyotype instability
independent of p53 status. Loss of whole chromosome (Chr) 4 was detected in five of the eight tumors. Parts of Chr 4 are
syntenic to human 1p31–p36, a region that is also deleted in human breast carcinomas. Four tumors carried translocations
involving the distal portion of Chr 11 (syntenic to human chromosome arm 17q), including two translocations T(X;11), with
cytogenetically identical breakpoints. We compare the pattern of chromosomal aberrations with human breast cancers, find
similarities in several syntenic regions, and discuss the potential of an interspecies cytogenetic map of chromosomal gains and
losses. Genes Chromosomes Cancer 25:251–260, 1999. Published 1999 Wiley-Liss, Inc.†

INTRODUCTION

Karyotyping serves as a first comprehensive sur-
vey of genetic alterations in human cancers. The
abundance of cytogenetic information in hemato-
logic malignancies and solid tumors has produced
both diagnostically and prognostically relevant infor-
mation and has contributed to the positional clon-
ing of cancer causing genes (Heim and Mitelman,
1995). However, efforts to understand the sequence
of genetic aberrations during carcinogenesis and
attempts to establish test systems for novel thera-
peutics depend increasingly on murine models of
human cancers. The analysis of chromosome aberra-
tions in mouse models of carcinogenesis has relied
mainly on chromosome banding techniques. All
mouse chromosomes are acrocentric and of similar
size, which makes their identification difficult.
Consequently, data on recurring chromosome aber-
rations in mouse models are rare.

In order to explore the cytogenetic profile of a
mouse model for human breast cancer, we have
applied molecular cytogenetic screening tech-
niques, namely, comparative genomic hybridization
(CGH) and spectral karyotyping (SKY), to evaluate
eight cell lines that were established from primary
mammary gland tumors in mice that overexpress
the cmyc oncogene under the control of the MMTV-

LTR promoter. CGH detects DNA copy number
changes in human and murine tumor genomes after
hybridization of differentially labeled tumor and
normal DNA (Kallioniemi et al., 1992; du Manoir et
al., 1995; Shi et al., 1997). SKY allows the visualiza-
tion of all tumor chromosomes in different colors by
combining spectral imaging with fluorescence in
situ hybridization (FISH) using combinatorially
labeled mouse chromosome painting probes. SKY
greatly facilitates karyotyping of the small acrocen-
tric mouse chromosomes and is particularly useful
for the analysis of highly rearranged tumor chromo-
somes (Liyanage et al., 1996; Coleman et al., 1997).

Mouse models for human breast cancer have
become valuable tools for the study of tumorigen-
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esis. The MMTV-cmyc transgenic mouse strain was
the earliest transgenic breast cancer model de-
scribed (Stewart et al., 1984). It was developed to
examine the consequences of cmyc overexpression
in mouse mammary tissue, based on the observa-
tion that amplification of the MYC gene is common
in human breast cancer (reviewed in Nass and
Dickson (1997)). The long (7–14 months) latency
period prior to the development of mammary tu-
mors in MMTV-cmyc mice and the requirement for
multiple pregnancies suggested that additional
events besides cmyc overexpression were required
for cellular transformation (Stewart et al., 1984;
Leder et al., 1986), such as mutations in the tumor
suppressor protein p53. The TP53 gene is fre-
quently deleted or mutated in human tumors, and
in Wnt-1 transgenic mice its absence accelerates
mammary tumorigenesis [Donehower et al., 1995].
The role of p53 in tumorigenesis in MMTV-cmyc
transgenic mice was examined by mating to a
p532/2 strain [Elson et al., 1995; McCormack et al.,
1998]. The results suggested that formation of
mammary tumors was not accelerated by the ab-
sence of a single p53 allele. In the p532/2 mice,
lymphomas arose so rapidly that it was not possible
to evaluate the relevance of p53 mutation with
respect to mammary gland tumorigenesis. How-
ever, lack of p53 protein clearly influenced mam-
mary gland development, and the glands exhibited
hyperplastic lobular growth [McCormack et al.,
1998].

Because both cmyc overexpression and p53 muta-
tion are associated with genomic instability in
transformed cells [Livingstone et al., 1992; Taylor
et al., 1997], we wanted to examine the conse-
quences of cmyc overexpression and lack of a single
p53 allele in mouse mammary tumors. In a previous
study, we performed preliminary SKY analysis of
early-passage cultured cells from a few MMTV-
cmyc mammary tumors [McCormack et al., 1998].
Here, we extended that study for a comprehensive
evaluation of karyotypic abnormalities using SKY.
Furthermore, we performed whole-genome analy-
sis on all tumor cell lines using CGH. The combina-
tion of SKY and CGH data results in a more
detailed understanding of the cytogenetic events
involved in mammary tumorigenesis in the MMTV-
cmyc mouse model than was hitherto possible. By
comparing the pattern of chromosomal aberrations
in mouse and human mammary carcinomas, we
evaluated the potential of comparative cytogenetics
and the establishment of syntenic maps for under-
standing the relevance of these aberrations.

MATERIALS AND METHODS

Tumor Cell Lines and Culture

Mammary epithelial cell lines were derived from
mammary tumors (average latency approximately
190 days) of MMTV-cmyc/p531/1 and MMTV-cmyc/
p531/2 mice. FVB (MMTV-cmyc) and 129/Sv-Trp53
mice were mated to produce those genotypes, but
only littermates of the varying genotypes were
compared to neutralize any background effects of
the two strains. Tumor bearing animals were sacri-
ficed and cell lines prepared from the tumor tissue
as described previously [Amundadottir et al., 1995;
McCormack et al., 1998].

DNA for CGH and metaphase chromosomes for
SKY were prepared from the cell lines at early-
passage numbers (passages 6–9). Normal control
DNA was prepared from tail or spleen tissue of
mice of the same genotype. Normal metaphase
chromosomes for CGH were prepared from the
spleens of C57BL/6 mice. The spleens were crushed
in a homogenizer and cultured for 48 hr in RPMI 1
20% fetal bovine serum with the addition of 6 µg/ml
concanavalin A (Sigma, St. Louis, MO), 25 µg/ml
lipopolysaccaride (Boehringer Mannheim, India-
napolis, IN), and 60 µl of 0.5% b-mercaptoethanol
per 50 ml of medium. After an additional 5 hr
incubation in 30 µg/ml of bromodeoxyuridine
(Sigma) and 0.15 µg/ml of fluorodeoxyuridine
(Sigma), 0.1 µg/ml Colcemid (Gibco BRL, Grand
Island, NY) was added for 15 min. The cells were
lysed in hypotonic solution (0.075 M KCl) and the
chromosomes were fixed in methanol:acetic acid
(3:1). Metaphase chromosomes for SKY were ob-
tained from the same tumor cells in culture (pas-
sages 5–8) by incubation of the cells in 0.1 µg/ml
Colcemid for 5 hr, followed by cell lysis in 0.06 M
KCl and subsequent fixation in methanol:acetic
acid (3:1).

Comparative Genomic Hybridization

DNA labeling, hybridization, and detection were
performed by standard procedures. Control refer-
ence DNA and tumor cell DNA were labeled with
digoxigenin-12-dUTP and biotin-16-dUTP (Boeh-
ringer Mannheim), respectively, by nick translation.
Five hundred ng of each labeled DNA was precipi-
tated together with an excess (40 µg) of the Cot-1
fraction of mouse genomic DNA (Gibco BRL).
This probe DNA mixture was resuspended in 10 µl
of hybridization solution (50% formamide, 2 3
SSC, 10% dextran sulfate), denatured for 5 min at
80°C, and preannealed at 37°C for 1–2 hr. Normal
metaphase chromosomes from spleen cultures of
C57BL/6 mice were dropped onto glass slides and
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pretreated with 0.1 mg/ml RNAse A (Boehringer
Mannheim), followed by 10 µg/ml pepsin (Sigma)
in 0.01 M HCl. The chromosomes were denatured
in 70% formamide, 23 SSC at 75°C for 1.5 min
prior to application of the probe DNA mixture.
Hybridization was carried out under a coverslip at
37°C for 2–4 days, after which the biotinylated
tumor DNA was detected with FITC conjugated to
avidin (Vector Laboratories), and the digoxigenin-
labeled normal DNA was detected with a mouse
antidigoxin antibody, followed by a TRITC-
conjugated anti-mouse antibody (Sigma). The slides
were counterstained with DAPI for chromosome
identification.

CGH Image Acquisition and Analysis

Gray-level images were acquired using a cooled
charge-coupled device (CCD) camera (CH250, Pho-
tometrics, Tucson, AZ) mounted on a Leica
DMRBE epifluorescence microscope. Sequential
exposures through filters specific to each fluoro-
chrome (TR1, TR2, TR3; Chroma Technology,
Brattleboro, VT) were recorded. Quantitation of
CGH results was performed using a custom com-
puter program developed for the analysis of mouse
chromosomes (based on a human CGH program as
described in du Manoir et al. [1995]). In a modifica-
tion of the human CGH program, threshold levels
for the final ratio profile were established empiri-
cally using mouse cell lines with known chromo-
somal gains and losses. The thresholds were de-
fined as the value that would be expected in a
diploid tumor cell population for a trisomy or
monosomy of a certain chromosome in 50% of the
test cells (i.e., 1.25 for a trisomy and 0.75 for a
monosomy).

Spectral Karyotyping

Spectral karyotyping of the mammary tumor cell
lines was performed as described previously [Liya-
nage et al., 1996; Schröck et al., 1996]. Spectral
analysis of chromosomes was carried out using an
epifluorescence microscope (Leica DMRBE) that
was equipped with a SD200 SpectraCube (Applied
Spectral Imaging, Migdal Ha’Emek, Israel) and a
custom-designed filter cube (Chroma Technology,
Brattleboro, VT) that allows for the simultaneous
excitation of all dyes and the measurement of their
emission spectra. To visualize the raw spectral
image, different colors (blue, green, or red) were
assigned to specific spectral ranges. Chromosomes
then were unambiguously identified using a spec-
tral classification algorithm that results in the assign-
ment of a separate classification color to all pixels
with identical spectra by use of SkyView software

(Applied Spectral Imaging). Chromosome aberra-
tions were defined using the nomenclature rules
from the Committee on Standardized Genetic No-
menclature for Mice [Davisson, 1996]. For each
tumor, 6–10 metaphases were analyzed.

RESULTS

CGH Reveals Recurrent Loss of Chromosome 4
and Gains of Chromosomes 11 and 8 in
MMTV-cmyc Tumors

CGH is a screening test for chromosomal imbal-
ances in tumor genomes. Here, we applied CGH to
map chromosomal gains and losses in eight cell
lines established from mammary gland tumors in
MMTV-cmyc mice. Four of the tumors were wild-
type for the p53 tumor suppressor gene, and four
were heterozygous for a p53 mutation. The cell
lines revealed numerous chromosomal gains and
losses, structural aberrations, and changes in ploidy.

A summary of chromosomal copy number changes
is presented in Figure 1. All chromosomes were
involved in at least one gain or loss, but a nonran-
dom pattern emerged. The most consistent changes
were partial or complete loss of Chr 4 in six of eight
cases, gains of Chr 6 in three, partial gains of Chr 8
in three and of Chr 11 in three. The average
number of copy alterations (ANCA) was 5.75 per
tumor. The majority of chromosomal gains and
losses involved entire chromosomes, rather than
chromosomal regions (35 of 46 copy number
changes). For example, five of the cell lines (three
p531/2 and two p531/1) exhibited loss of entire Chr
4, whereas in 67a5 (p531/2), the copy number
decrease was localized to band 4E. An increase in
copy number of the entire Chr 11 occurred in two
cases (myc 3; 67a5) and of 11D-E in another cell
line (myc 83). We did not observe a higher number
of copy alterations for the p53 hemizygous mice
than for the p531/1 mice. Previous analyses showed
that all tumors from hemizygous mice retained one
wild-type p53 allele [McCormack et al., 1998].

Spectral Karyotyping Detects Structural
Aberrations and Ploidy Changes

In order to describe the chromosomal mecha-
nisms that result in recurring copy number changes
in MMTV-cmyc–induced mammary gland carcino-
mas, we applied SKY to tumor metaphase chromo-
somes. In contrast to CGH, SKY also permits the
visualization of balanced structural chromosomal
aberrations. The pattern of chromosomal aberra-
tions included numerical aberrations (whole-chro-
mosome gains and losses), translocations, Robertso-
nian translocations, dicentric chromosomes, and
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deletions. Several of the tumor cell lines here were
previously karyotyped (67a3, 67a5, 66a7, 116br,
myc 83) [McCormack et al., 1998]. For this study,

each cell line was passaged and rekaryotyped to
ensure identical passage numbers for CGH and
SKY analyses. Clonal aberrations listed in Table 1
take into account the total number of cells analyzed
for each tumor. Some tumor cell lines (67a3, 67a5,
myc 7) contained more than one subclone with
shared marker chromosomes but variation in ploidy.
Tumor 67a3 displayed a particularly complex karyo-
type, with five subclones that were derived from a
clone containing only the unbalanced translocation
T(5;11) (Fig. 2). Many of the cells also contained
small deleted chromosomes. The detection of dele-
tion breakpoints requires a band assignment that
can be estimated by aligning the inverse DAPI-
band image with the classification (Fig. 2, inset).
Aberrations involving Chr 11 (in some cases more
than one type) were observed in five of the cell
lines by SKY analysis (Table 1). With the exception
of the T(5;11) breakpoint in 67a3, which is in the
same chromosome band (11B) as the mouse trp53
gene, the breakpoints cluster in the distal region of
Chr 11. 67a3 and myc 83 both contain a T(X;11)
with cytogenetically identical breakpoints. A break-
point map for all tumors is provided in Figure 1.

Higher-resolution analyses of chromosomal break-
points can now be attempted using locus-specific
FISH probes. For example, the Chr 11 breakpoint
in the T(5;11) in 67a3 appears to be closer to the
centromere than are breakpoints in myc 83, 67a5, or
66a7. Hybridization with a mouse Brca1 cosmid
probe determined that the portion of Chr 11 in the
T(5;11) contains Brca1, and the position of the
signal confirmed that the breakpoint is proximal to
11D (data not shown). All clonal aberrations ob-
served by SKY are summarized in Table 1.

Correlation Between CGH and SKY

All cell lines were analyzed using both SKY and
CGH, and the respective results were compared
(Table 1). The data show that chromosomal gains
and losses mapped by CGH could be confirmed at a
single-cell level by SKY in most cases. In tumor
myc 83, for example, a dicentric chromosome de-
rived from Chr 4 was present. The CGH profile
enabled us to determine precisely the region of Chr
4 that was present in this marker and demonstrated
that bands A–D were duplicated (Fig. 3a,b). A copy
number increase of Chr 18 mapped by CGH was
identified as a trisomy 18 by SKY. The profile also
facilitated the characterization of the translocation
t(X;11) and defined the additional Chr 11 material
as being derived from chromosome bands 11D–E.

Gain of Chr 11 was found in three cell lines by
CGH, and SKY revealed an additional cluster of
breakpoints in Chr 11B–E. An increase in copy

Figure 1. Karyogram of chromosomal aberrations in MMTV-cmyc
tumor cells detected by CGH and SKY. Bars on the right side of the
chromosome ideograms indicate gain and bars on the left side loss of
genetic material. Individual tumor cell lines are indicated underneath the
bars with the following abbreviations: 3 5 myc3; 6 5 myc6; 7 5 myc7;
83 5myc83; a5 5 67a5; a7 566a7; a3 567a3; and 116 5 116br. Filled
boxes indicate the breakpoints for the clonal aberrations listed in Table
1 (and the chromosomes in the Figure 2 insert), as determined by SKY
analysis. The upper 67a3 box on Chr 11 indicates the T(5;11) breakpoint
and the lower box indicates the T(X;11) breakpoint. The question mark
symbol on Chr 11 refers to the T(Dp11;1) in 66a7 (Table 1), in which the
region of duplication was approximated from the DAPI image.
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TABLE 1. Summary of Structural Aberrations Identified by SKY Analysis and Chromosomal Copy Number Changes Detected by CGHa

Cell line
Ploidy
(SKY)b

CGH-detectedc
SKY-detectedd clonal structural
aberrations, whole chromosome

Losses Gains Losses Gains

myc Tge

myc 3 3n 4 1 4
12 3(A–D) 12

Del(8A)f

17 9 17 9
11 11
13
14 14
16
18 18
19 19
X

myc6 3n 4 4 7
7 10

14(E) 11
17 16

19 19
X(A1–4)

myc7 2n and 4n 2(A) Del(2D–E)
6 6

15
myc83 2n 4(A–C3) Dic(4;4)(D;D)g

11(D–E) T(XE;11D)h

18 18
myc Tgi

p531/2
67a3 3n 4 4 2

9 3
13 8 13 8

Del(10B–D)
16 16 12

19 15
T(XE;11B5–C)

T(5E2;11B)
T(6C;19B)

T(18C;16B5–C1)
67a5 3n 4(E) 2 2

3 3
6 6
8 8
11 Del(11D–E)
15 15

1 many nonclonal structural aberrations
66a7 2n 4 X(F) T(Dp11C;1E2)j

12
116br 4n–5n 4

7
9

5(A–D)
6
8(A–B)
15(A–D)

no structural aberrations, many inconsis-
tent gains or losses, including 24, 29

aKaryotype nomenclature following the Committee on Standardized Genetic Nomenclature for Mice [Davisson, 1996].
bPloidy of each clone was determined by SKY analysis.
cCopy number changes taken from the average ratio profile after CGH analysis of each cell line. Gains and losses that correspond to those recurrently
identified in the SKY analysis are shown in bold.
dAberrant chromosomes were identified by SKY analysis. Structural aberrations were considered clonal if present in two or more metaphases. Gains and
losses were considered clonal if present in at least two or at least three metaphases, respectively. At least 10 metaphase cells were analyzed per tumor.
SKY of primary cultures of tumors 67a3, 67a5, 66a7, 116br, and myc 83 was published previously [McCormack et al., 1998]. For this study additional cells
were karyotyped and the clonal aberrations reflect the total number of cells analyzed.
eMammary tumor cell lines made from MMTV-myc transgenic/p531/1 mice.
fDel: deleted chromosome that retains the centromere.
gDic: dicentric chromosome.
hT: translocation. All observed translocations were nonreciprocal. By convention, the chromosome donating the centromere is listed first.
iMammary tumor cell lines made from MMTV-myc transgenic/p531/2 mice.
jDp: duplicated chromosome region.
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Figure 2. Spectral karyotyping analysis of a representative metaphase
cell from mammary tumor cell line 67a3 (MMTV-cmyc/p531/2). One copy of
each chromosome is numbered, and aberrant chromosomes are indicated
by arrows. Arrowheads denote partially deleted chromosomes. The insert
contains the translocation chromosomes visualized in display colors (left
row), after DAPI-banding (inverted, center row), and after spectra-based
classification in pseudocolors (right row). The karyotype of this tumor is
70,XX, 11, 12, 24, 18x2, 112, 213, 216, 219, 1X, 1Del(4D-E),
1Del(9B-F), 1Del(10B-D), 1Del(11B-E), and the unbalanced transloca-
tions T(5E2;11B), T(6C;19B), T(9E;18D), and T(18C;16B5-C1).

Figure 4. Schematic presentation of the syntenic portions of mouse Chr
4 and human chromosomes 8, 9, and 1. Regions syntenic to the human
chromosomes are shown in red, green, or blue on mouse Chr 4, with
corresponding colored bars to indicate approximately the involved bands.
The bar on the left side of mouse Chr 4 represents the copy number losses
seen in MMTV-cmyc mammary tumor cell lines, bars on the left and right of
human chromosomes 8, 9, and 1 represent commonly found chromosomal
gains (right) and losses (left) in primary human breast carcinomas [Nishizaki
et al., 1997; Tirkkonen et al., 1998]. The map position of the human MYC
gene on chromosome 8 is indicated by an arrow. Note that the syntenic
region of human chromosome 8 that is part of the loss that involves mouse
Chr 4, does not include the MYC gene. Information on syntenic regions was
compiled from the Mouse Genome Informatics site on the World Wide
Web (www.informatics.jax.org).



Figure 3. Comparison of CGH and SKY results for two tumor cell
lines. a: SKY of a metaphase cell from the clonal myc 83 (MMTV-cmyc/
p531/2) cell line, shown in display colors. Arrows indicate the aberrant
chromosomes, and arrowheads denote three copies of Chr 18. The
relevant ratio profiles from the CGH results are shown as red lines in b.
The bold center line reflects a ratio of 1, and the two adjacent lines
denote the threshold values for loss (left) or gain (right) of genetic
material. The profiles confirm the gain of proximal Chr 4 due to the

dicentric chromosome, identifying the part of Chr 11 in the T(X;11) as
the 11D–E region, and reaffirming the gain of Chr 18. In contrast, SKY of
myc 7 (MMTV-cmyc/p531/2) revealed three subclones (c–e) with an
increase in ploidy involving Chrs 6 and 15, a marker chromosome
derived from Chr 2 (M2), and tetraploidization in (e). The correspond-
ing ratio profiles are shown in f; only the gain of Chr 6 is reflected,
indicating the relative prevalence of clone (c).
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number of the entire Chr 11 occurred in two cases
(myc 3, 67a5) and of 11D–E in another cell line
(myc 83).

Clonal heterogeneity cannot be identified by
CGH. CGH detects chromosomal copy number
changes only if they are present in at least 60% of
the tumor cells. Figure 3 shows an example of the
potential of SKY to identify clonal evolution and
the mechanism of progressive chromosomal aberra-
tions. By SKY analysis, myc 7 contains three sub-
clones that most likely represent cytogenetic events
that occur during tumor progression, because they
contain an increasing number of aberrations. SKY
images of the three clones are presented in the
likely order of advancement: the gain of Chr 6 in a
diploid metaphase cell (Fig. 3c), gains of Chrs 6 and
15 (Fig. 3d), and finally tetraploidization with
additional gains and losses (Fig. 3e). Clone (Fig. 3c)
is likely to be the predominant clone, because the
gain of Chr 15 observed in clones (Fig. 3d) and (Fig.
3e) by SKY analysis is not reflected in the CGH
profile. Therefore, the combined application of
SKY and CGH not only facilitates the comprehen-
sive characterization of the majority of chromo-
somal aberrations, but also provides relevant infor-
mation with respect to the sequence in which these
aberrations occur.

DISCUSSION

The molecular cytogenetic analyses of eight cell
lines established from mammary gland adenocarci-
nomas in MMTV-cmyc transgenic mice has revealed
a recurring pattern of chromosomal aberrations.
Using CGH, 46 copy number alterations were
mapped in eight cell lines, which results in an
average number of copy alterations (ANCA) of 5.75.
This number is comparable to the ANCA in human
breast carcinomas [Ried et al., 1995]. Entire or
partial loss of mouse Chr 4 was the most frequently
observed cytogenetic abnormality in these tumors.
In five carcinomas, the entire chromosome was lost,
and in a sixth tumor (67a5), band 4E was deleted. A
seventh tumor (myc 83) contains a partial gain of
Chr 4, which includes all but bands 4D and 4E.
Therefore the consensus region of chromosome
loss maps to 4E. This region is syntenic to human
1p32–36 (Fig. 4) and is known to be a site of allelic
loss in several cancers, suggesting that it harbors at
least one tumor suppressor gene. Interestingly, in
human breast cancer, allelic loss of 1p32–pter has
been linked to MYC gene amplification and to a
poor prognosis [Bièche et al., 1994; Tsukamoto et
al., 1998].

Other regions of Chr 4 are syntenic to human
chromosome arms 9p, 9q, 6q, and 8q (Fig. 4).

Losses of chromosome arms 9p, 9q, and 6q have
also been observed in primary human breast can-
cers and their metastases [Nishizaki et al., 1997;
Tirkkonen et al., 1998]. Therefore, there is synteny
of chromosomal gains and losses among mouse/
human breast cancers that maps to human chromo-
somes 1p32–36, 6q, 9p, and 9q. In contrast, chromo-
some arm 8q is never lost in human breast
carcinomas. Instead, this chromosome arm is fre-
quently subject to copy number increases. Of note
is that the distal region of human chromosome arm
8q that harbors the MYC oncogene is not part of the
region of human chromosome arm 8q that is syn-
tenic to mouse Chr 4. The endogenous mouse cmyc
maps to Chr 15D, which is amplified in two
MMTV-cmyc cell lines (67a5, 116br). One could
therefore hypothesize that the whole-arm gain of
8q that is so commonly observed in human breast
cancers has its main target in copy number in-
creases for MYC. As an extension of this observa-
tion, the whole-arm 8q gain in human cancers may
actually reflect the mechanism by which additional
copies of MYC are acquired (such as isochromosome
formation), and that copy number increases of
genes that reside on human chromosome arm 8q
bands syntenic to mouse Chr 4 are less important in
mammary gland carcinogenesis.

We also noted the prevalence of Chr 11 rearrange-
ments by SKY, and copy number increases mapped
by CGH to a region that is syntenic to human
chromosome bands 17q21–23. Chromosome arm
17q is frequently gained in human breast carcino-
mas. The mouse homologues of several genes
involved in breast cancer were mapped to the distal
region of Chr 11. For example, the ERBB2 onco-
gene, mapping to human chromosome region
17q11–q21 and to mouse 11D, is commonly ampli-
fied in breast carcinomas [Bièche et al., 1996].
High-level amplifications of two different regions
at 17q23 (also syntenic to mouse 11D) have been
detected by CGH by several investigators [Kallioni-
emi et al., 1994; Ried et al., 1995; Bärlund et al.,
1997].

The genetic changes we observed in the cmyc
tumors may point to a tumor suppressor gene at the
distal end of Chr 4, and a proto-oncogene on Chr
11, but a larger data set of mammary tumors is
necessary before a strong connection can be made
to each particular region. Very little research on
genomic changes in mouse mammary tumors has
been published. One study of mammary tumors in
Wnt-1 transgenic animals also found loss of whole
Chr 4, but at a lower incidence than we found for
cmyc tumors [Donehower et al., 1995]. It would be
useful to perform comparative cytogenetic analyses
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of mammary tumors induced by several different
oncogenes overexpressed as transgenes (example-
sof existing mouse models include cerbB2, hras, and
tgfa transgenics).

It is clear that further screening of murine tumor
genomes for recurring chromosome aberrations and
genomic imbalances will be facilitated by the com-
bined use of SKY and CGH. Analogous to other
studies of human carcinomas [Ghadimi et al., 1999;
Macville et al., 1999], SKY and CGH data for the
mouse tumors are complementary, even though the
comparison was difficult in those tumors that had
multiple clones and ploidy variations. In agreement
with data on human tumors of epithelial origin, the
analysis of chromosome aberrations indicated that
balanced structural aberrations were rare in this
mouse model. Therefore, as in human breast can-
cers, the majority of aberrations result in genomic
imbalances. In contrast, mouse models of hemato-
logic malignancies display a pattern of balanced
chromosomal aberrations that is also characteristic
for human leukemias and lymphomas [Barlow et
al., 1996; Coleman et al., 1997]. This observation of
an apparently consistent mechanism of chromo-
somal aberrations adds to the validity of mouse
models of human carcinogenesis. The establish-
ment of a comprehensive comparative map of
chromosomal gains, losses, and breakpoints for
human and murine tumors could help us to assess
the functional relevance of chromosomal copy num-
ber changes and translocations, and to define piv-
otal chromosomal regions for the development and
progression of particular cancers. Comparative map-
ping will then help to validate current mouse
models for human carcinogenesis, and it could
further facilitate the identification of chromosomal
loci whose involvement is critical in tumorigenesis
beyond species boundaries.
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Schröck E, Latham C, Blegen H, Zetterberg A, Cremer T, Auer G.
1995. Comparative genomic hybridization of formalin fixed, paraf-
fin embedded breast carcinomas reveals different patterns of
chromosomal gains and losses in fibroadenomas and diploid and
aneuploid carcinomas. Cancer Res 55:5415–5423.

259SKY AND CGH OF cmyc TRANSGENIC MICE
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